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Abstract
In bone drilling, the temperature and the level of stresses at the bone tissue are function of the drilling parameters.
If certain thresholds are exceeded, irreversible damages may occur on the bone tissue. One of the main challenges in the
drilling process is to control the associated parameters and even more important, to avoid the surrounding tissue
damage. In this study, a dynamic numerical model is developed to determine the thermo-mechanical stresses generated
during the bone drilling, using the finite element method. The numerical model incorporates the geometric and dynamic
characteristics involved in the drilling processes, as well the developed temperature inside the material. The numerical
analysis has been validated by experimental tests using polyurethane foam materials with similar mechanical properties to
the human bone. Results suggest that a drill bit with lower drill speed and higher feed rate can reduce the strains and
stresses in bone during the drilling process. The proposed numerical model reflected adequately the experimental results
and could be useful in determination of optimal drilling conditions that minimise the bone injuries.
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Introduction
The drilling process is one of the most frequent mech-
anical procedures in machining operations. The indus-
trial concepts of productivity and surface integrity in
material removal processes can be translated to med-
ical applications. In the surgical context, the reduced
drilling time is related to a short surgery in global time
and the bone integrity is related to the absence of bone
damage.1 In recent years, several studies on bone dril-
ling have been conducted, mainly focused to determine
the eﬀect of drilling parameters on the tissue integ-
rity.2–7 Currently, it is well known that bone drilling
process is a typical coupled thermo-mechanical prob-
lem.During the drilling, the heat generation occurs as a
result of plastic deformation and friction along the cut-
ting tool and the workpiece interface.8,9 Depending on
the temperature rise magnitude and the exposure time
in the drilling zone, heat generated may lead to hyper-
thermia and bone tissue combustion resulting in cell
death (thermal necrosis).10–12 Besides the negative
thermal impact, high drill speed with higher cutting
forces and tool vibrations can also cause damages on
the bone microstructure, resulting in microcracks for-
mation and bone fracture. The mechanical damage to
bone cells could delay the healing process after the sur-
gery, reducing the ﬁxation strength and in some cases
even the implant failure.9,13,14 Piattelli et al.15 reported
eight cases of failed implants due to suspected ther-
mally induced bone necrosis. Recently, Augustin
et al.2 reported that the implant failure rate for leg
osteosynthesis ranges between 2.1% and 7.1% and it
is higher than the failure rate of upper limbs due to
physiological pressure during locomotion.
The growing increase of bone drilling as a medical
intervention and the importance of the associated
problems have motivated the development of meth-
odologies to ﬁnd out eﬀects of drilling parameters that
minimise the bone injuries. However, there is a still
lack of information with regard to the strain and ther-
mal stresses distribution in bone tissue during drilling.
Although several methodologies have been proposed
for estimated values for bone temperature and cutting
1Faculty of Engineering, INEGI, University of Porto, Porto, Portugal
2Department of Applied Mechanics, LAETA, INEGI, UNMEE,
Polytechnic Institute of Braganc¸a, Braganc¸a, Portugal
3Faculty of Engineering, Department of Mechanical Engineering, LAETA,
INEGI, University of Porto, Porto, Portugal
Corresponding author:
Maria G Fernandes, Faculty of Engineering, INEGI, University of Porto,
Rua Dr. Roberto Frias, Campus da FEUP, 400, Porto 4200-465,
Portugal.
Email: mgfernandes@inegi.up.pt
Proc IMechE Part L:







forces, none of them includes the thermal stresses
distributions on the bone. The large number of sig-
niﬁcant drilling parameters makes the study of bone
drilling, through experiments, impracticable. The
development of accurate numerical models is neces-
sary in order to reproduce the factors that inﬂuence
the output variables (mainly temperature, drilling
forces and surface integrity). In the literature, only a
few numerical simulations have attempted to model
the bone drilling. Recently, Marcos et al.1 have made
a bibliographic review of the main contributions on
the ﬁeld of numerical modelling of bone cutting,
including the bone drilling eﬀect. They found that
the numerical models are still far from clinical appli-
cations and there is a clear requirement for improve-
ment in the models available for drilling simulations.
Most of the models presented in the literature
were performed with limited parameters and use
two-dimensional (2D) simulations; furthermore, the
analysis was not validated comparatively with experi-
mental tests.6,13,16 Experimentally, several techniques
have been developed to measure the strain level in
body surfaces during the drilling processes for many
industrial applications, but have not been widely used
for medical situations. Usually, the strain level is mea-
sured using strain gauges and a data acquisition
system from which the stresses can be calculated.
The present study was designed for the evaluation
of thermo-mechanical stresses generated during the
bone drilling, as function of diﬀerent drilling param-
eters (drill speed, feed rate, drill diameter and hole
depth) and temperature changes during the process.
A three-dimensional (3D) dynamic ﬁnite element (FE)
model with the element removal scheme was devel-
oped to simulate the thermo-mechanical behaviour
of the contact region between the drill bit and the
bone tissue. The simulations were performed using
the LS-DYNA program, as a nonlinear transient
dynamic ﬁnite element. This program incorporates
the dynamic characteristics involved in the process
with the accurate geometrical considerations, as well
the developed temperature inside the material.
Physical problems involving severe loading conditions
applied in a short time are best simulated with explicit
dynamics solutions, such as problems with nonlinea-
rities, changing contact, and failure or material separ-
ation. In addition, an experimental methodology was
developed using solid rigid polyurethane foam mater-
ials (Sawbones, Paciﬁc Research Laboratories, Inc.,
Vashon. WA, USA) as an alternative for human
bone. The solid polyurethane foam of 0.80 g/cm3
density was selected for the cortical bone, which was
approved by the American Society for Testing and
Materials for a standard material for testing ortho-
paedic devices and instruments. The foams were
instrumented with strain gauges to measure the level
of strains on the surface during the drilling.
Simultaneous, the temperature distribution on the
foams surface and in the drill bit were measured
with the thermography equipment. Inside the foams’
material, at diﬀerent positions from the drilling area,
thermocouples were used to measure the temperature.
The results of the numerical simulations are discussed
and compared with the experimental results.
The used methodologies in this study are an
important contribution in the bone drilling modelling.
The incorporation of temperature data as a prescribed
temperature on the FE model provides not only the
mechanical behaviour of the bone, but also the ther-
mal-mechanical behaviour with diﬀerent feed rates
and drill speeds.
Thermo-mechanical model of drilling
In this paper, a 3D FE model was developed using the
explicit dynamic ﬁnite element code, LS-DYNA
(LSTC, Livermore, CA, USA). The model aims to
simulate the drilling process and to calculate the
thermo-mechanical stress distribution in the bone
material. The FE model consists of a set made up of
a twist drill bit (Ø4mm, point angle of 118 and a
helix angle of 30) and a bone block with appropriate
boundary conditions. The drill bit geometry was
designed through the CAD software SolidWorks
(Dassault Systems S.A., France) and imported into
LS-DYNA program for numerical simulation. The
bone block was modelled with a rectangular shape
with the following dimensions: 14 10 4mm. For
mesh generation, dual mesh density technology was
used in order to improve the calculation accuracy and
to reduce the processing time. The element size is crit-
ical for the computational cost of the simulation,
solved with an explicit integration scheme. The selec-
tion of the element size should be stated ensuring
equilibrium between computational eﬃciency and
precision of the model.17 Since the main part in this
type of analysis is the bone region located in the
immediate vicinity of the drilled hole, a circular disc
with 6mm of diameter was formed in this part and a
mesh discretisation was applied with an element size
of 0.5mm to capture high stress gradients during the
drilling process. In the remaining block was used a
coarse mesh with an element size of 1mm. To deﬁne
those two densities, separate simulations were run to
obtain better convergence and smooth contours, and
varying mesh densities were tried to ﬁnd the optimal
values that ensure the time of calculation and the sta-
bility of results. Previous mesh sensibility studies
showed that the use of dual mesh density is a
common practice in this kind of simulation to achieve
both accuracy and time eﬃciency of the calcula-
tion.12,18 The element type chosen for the numerical
model was the 3D Solid 164 (eight nodes with three
degrees of freedom at each node in X, Y, Z direc-
tions), only used for explicit dynamic analysis. The
ﬁnal numerical model of the block and the drill bit
were meshed with 20477 elements. In the explicit ana-
lysis, it is important to deﬁne nodal groups called
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components to apply the loads. The whole FE model
of the bone drilling along with the names of all its
components is displayed in Figure 1(a).
Following the dynamics characteristics involved in
these processes, the block was ﬁxed on the bottom,
while the drill bit movement was explicitly simulated
via a dynamic FE approach to rotate and move only
about its own longitudinal axis (Y axis) with a speciﬁc
drill speed (o) and feed rate (V) vertically downwards
into the bone block, as shown in Figure 1(b). To
explore the eﬀects of feed rate and drill speed on the
generated thermal stresses, the numerical simulations
were performed using three diﬀerent drill speeds (600,
800 and 1200 r/min) with a constant feed rate of
50mm/min, and three diﬀerent feed rates (25,
50 and 75mm/min) with a constant drill speed of
800 r/min.
Thermal stress analysis is driven by strains gener-
ated in the structure by a temperature load. Through
the temperature data obtained with experimental
tests, the time temperature history was applied to
the bone block component as a prescribed tempera-
ture load, producing the heating source eﬀect inside
the block. The initial temperature of the bone block
component was deﬁned as 19C.
Material properties
It is well known that the FE simulation results are
very sensitive to the material properties, and thus it
is important to choose the most suitable material
models in accordance with the analysis type.
Materials subject to drilling are highly aﬀected by
large and high strain rates, which ﬁnally lead to fail-
ure. To deﬁne the bone block submitted to high
impact deformation and the thermal expansion due
to the temperature load, diﬀerent material models
were implemented considering diﬀerent components
of the model.
The material model for the bone block component
was *MAT_ELASTIC_PLASTIC_THERMAL,
which is the *MAT type 4 in LS_DYNA material
library. This model allows the deﬁnition of tempera-
ture-dependent material coeﬃcients in a thermo-
elastic-plastic behaviour and takes into account the
thermal coeﬃcient of expansion. The coeﬃcient of
thermal expansion allows the calculation of thermal
strain and stress using the prescribed temperature
data.
In the selection of material model for the hole com-
ponent, it should be taken into consideration just the
material models which consider the strain-rate with
dependency of the materials plastic curve. According
to Skrlec and Klemenc,19 the three most common
applied material models that consider the strain-rate
eﬀects are: Cowper–Symonds, Johnson–Cook and
Zerilli–Armstrong. Since the Cowper–Symonds
material model is simpler than the other two, con-
siders the material failure and has been often applied
in bone material models, we considered only this
model in our research.20–22 In the FE model, the
Cowper–Symonds law is implemented through the
*MAT_PLASTIC_KINEMATIC (*MAT type 3) in
LS-DYNA material library. Yield stress according to
the Cowper–Symonds material model is deﬁned with
equation (1)23,24








where s0 is the reference yield stress in MPa, _" the
strain rate in s1, b is the hardening parameter
(between 0 for kinematic hardening and 1 for isotro-
pic hardening), C and P are the Cowper–Symonds
strain rate parameters, "effp the eﬀective plastic strain
and Ep the plastic hardening modulus which
Figure 1. (a) FE model of drilling and (b) boundary conditions.
Fernandes et al. 3
is dependent on the Young’s modulus E, and the Etan
tangent modulus is given by
Ep ¼ EtanE
E Etan ð2Þ
The mechanical properties of the bone block com-
ponent and hole component were obtained from the
uniaxial tensile tests and have been comprehensively
deﬁned in our previous studies.25 The remaining
material properties were taken from literature.26–28
The material parameters that consider the strain rate
eﬀects are not simply measured and determined, some
of them are empirically determined through special
experimental and optimisation process.19
The drill bit was assumed to be a rigid body, since
its stiﬀness is much higher than the bone. This is a
practice way to reduce computational cost and
resources involved in the drilling simulation. All the
material properties used in the numerical analysis are
listed in Table 1.
In equation (2), the strain rate inﬂuences only the
yield stress, which means that the plastic curves
(the ﬂow stress as a function of strain) are parallel.19
The larger the strain rate, the higher the ﬂow stress, as
represented in Figure 2, according to the experimental
data published in the literature for other materials.19
Contact interaction and failure criteria
The contact algorithm was *CONTACT_
ERODING_SURFACE_TO_SURFACE, which is
accessible in the LS-DYNA program.24 This type of
contact is used when a body surface penetrates the
surface of another body. Eroding contact methods
are suggested when solid elements involved in the
contact deﬁnition are subject to erosion (element dele-
tion) due to material failure criteria. The surface of
the drill bit was classiﬁed as the contact surface. The
target surfaces include all the block surfaces that will
be contacted with drill bit. The friction behaviour
between the drill bit and the block is assumed to be
governed by Coulomb’s friction law. In this case, for
the frictional contact between the drill bit and the
block, a constant coeﬃcient of friction of 0.3 was
used.29,30
A failure criteria was applied to simulate the elem-
ent removal and hole generation. As mentioned
above, the approach of element erosion can be used
to simulate the perforation when any element exceeds
a speciﬁed plastic strain. These elements are deleted
from the solution after they fail. Based on the bone
properties, the failure strain reaching 0.05 is adopted
as the criterion in the erosion algorithm implementa-
tion for the numerical simulation. Dynamic analysis
Figure 2. Flow stress for the Cowper–Symonds model.
Table 1. Material properties and Cowper–Symonds param-
eters used in numerical simulations.
Properties Block Drill bit
Density (kg/m3) 800 7850
Young’s Modulus (GPa) 0.987 200
Poisson’s ratio 0.3 0.3
Thermal expansion coefficient (1/C) 2.75e-5
Initial yield stress (MPa) 22.59
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was used with the simulation range subdivided into
15,000 time increments of 8.0 104 s. ANSYS/
LS-DYNA requires very small time steps with many
iterations to ensure stability of solution. Each simula-
tion took about 68 h to execute on a workstation with
a quad-core Intel I7-4790k with 16 GB RAM.
Experimental validation
An experimental methodology was executed to valid-
ate the numerical thermo-mechanical model of dril-
ling. Solid rigid polyurethane foams were used as an
alternative material to cortical bones, due its consist-
ent and homogeneous structural properties.31,32 The
samples were supplied in rectangular shape with the
dimension of 130 180 40mm and the material has
a closed cell with density of 0.80 g/cm3 (Figure 3(a)).
In order to validate the numerical model, the dril-
ling tests were divided in two groups. For the ﬁrst
group, the holes were performed at drill speeds of
600, 800 and 1200 r/min with a constant feed rate
equal to 50 mm/min. In the second group, three dif-
ferent feed rates (25, 50 and 75mm/min) were applied
throughout the drilling procedures, with a constant
drill speed of 800 r/min. Drillings were performed in
the Mechanical Laboratory at the Polytechnic
Institute of Braganc¸a. In total, 30 holes with 30mm
of depth were made at room temperature (without
cooling) using a twist drill bit of 4mm diameter,
point angle equal to 118 and helix angle of 30. A
control of the drilling parameters was provided by a
computer numerically controlled (CNC) system. All
drills were used no more than 15 times before being
replaced with a new one. For each combination of
parameters, the average of six drillings was used to
present the results.
Strain measurement
Fifteen ﬂexible linear strain gauges (1-LY18-6/120,
120  0.35% from HBM) were attached on the
blocks’ surface to measure the strain during the
drilling process (Figure 3(b)). The blocks were prop-
erly clean to create a uniform surface and the loca-
tions of the holes were marked to always keep the
same distance of 3.5mm, between the edge of the
hole and the strain gauge. All strain gauges were iden-
tiﬁed for each channel and attached with bonding
adhesive following the instructions of the manufac-
turer. Each lead wire was connected to the quarter
bridge in a data acquisition system (Vishay Micro
Measurements P3 Strain Indicator and Recorder).
Strain measurements were taken continuously
during each step of the drilling procedure. The corres-
ponding proﬁles of stresses versus drilling depth from
the block surface were calculated.
Temperature control
Temperature measurement was carried out using two
methods. In the ﬁrst method, thermography
(ThermaCAM 365, FLIR Systems) was used with
the lens located at distance of 1.5m from the drilling
area. This method allowed to obtain thermal images
of the blocks and the drill bit surfaces, before and
immediately after the drilling. The measured tempera-
ture is function of the surface conditions, represented
by their emissivity. The imposed parameters to the
camera during image acquisition are listed in Table 2.
In the second method, a set of chromel-alumel K-
type thermocouples (Omega Engineering Inc.,
Stamford, USA) installed close to the hole surface
Figure 3. (a) Solid rigid polyurethane foam and (b) installation of the linear strain gauges.
Table 2. Parameters used for thermal images acquisition.
Parameters
Distance camera-block surface 1.5m
Room temperature 19 C
Relative humidity 50%
Emissivity estainless steel¼ 0.70
eskin human¼ 0.98
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were used for measuring the temperature inside of the
block. The thermocouples with wire diameter of
3.5mm were installed in two opposite sides of the
block and at the same distance from the hole for all
tests, as shown in Figure 4. After the thermocouples
have been placed, the entrance of each hole was appro-
priately sealed with glue to ﬁx the thermocouples and
isolate them from external heat. All thermocouples
were connected to a data acquisition system (HBM
MGCplus) for the acquisition of temperature along
the drilling time.
The temperature rise inside of the material during
drilling was used as prescribed temperature in the FE
model. An average of the registered temperature
values in diﬀerent holes through the drill time was
considered. These curves were imposed as prescribed
temperature on the bone block component. Figure 5
shows the evolution of the mean temperatures rec-
orded inside of the material considering the diﬀerent
drill parameters. As the numerical model was mod-
elled with only 4mm in height, the temperature data
were collected only for the correspondent drilling
times. For each feed rate were considered diﬀerent
drilling times, ensuring the full block drilling.
Each block was prepared to accommodate eight
holes with a distance of 20mm between them. The
complete experimental setup is shown in Figure 6.
In this setup, the position of the drill is ﬁxed and a
CNC machine was used to perform the holes. All
experiments started from room temperature (approxi-
mately 19C) and the drilling direction was perpen-
dicular to the block axis. Between successive
experiments, suﬃcient time was allowed for the
block and the drill bit to return to initial conditions.
Previous publications from numerical and experi-
mental tests showed that temperature measurements,
on the block top surface at 3.5mm from the drilled




The ability to measure the thermo-mechanical stress
is crucial to predict the behaviour of bone tissue
during drilling and also to aid in developing predict-
ive capabilities by verifying models. The overall
Figure 5. Temperature data applied in the Fe model.
Figure 4. (a) Geometrical model and (b) thermocouples’ position.
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objective of this study was to analyse the thermo-
mechanical stress as a function of the diﬀerent drill
parameters.
The results obtained by using the FE model are
given under this section. A drilling depth of 3mm
was chosen to show the von-Mises stress distribution
at diﬀerent feed rates and drill speeds in the numerical
simulations. In order to evaluate each drill parameter
individually, the drill speed was ﬁxed at the value of
800 r/min to measure the eﬀect of feed rate and ﬁxed
at the value of 50mm/min to measure the eﬀect of
drill speed. Figure 7 presents the contours of von-
Mises stress distribution in the bone drilling for each
drill situation.
For the same time instant was observed through
the numerical results that the von-Mises stresses
Figure 7. Distribution of von-Mises stress (MPa) at different feed rates and drill speeds (3mm depth).
Figure 6. Experimental drilling process.
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increase with increase of feed rate and drill speed.
However, this trend becomes more evident with
regard to the feed rate parameter. This may be
explained in part by the diﬀerences between drilling
depths at diﬀerent feed rates. For the same time
instant, the holes made with a feed rate equal to 75
mm/min reach a higher depth than feed rates equal to
25 and 50 mm/min. It is also important to emphasise
that the maximum values of von-Mises stresses in all
numerical simulations were veriﬁed in the drilled zone
and its immediate vicinity, exceeding the 5MPa.
During the numerical simulation, the elements in the
drilled hole were removed when the plastic strain fail-
ure in the material was reached.
Experimental results and FE model validation
Experimental validation of numerical model was per-
formed by comparing the results obtained in both
models. The average of stress component (szz),
which represents the normal stress on face perpen-
dicular to the z axis, was calculated experimentally
and compared with the numerical results at diﬀerent
drilling times. The distance between the edge of the
drilled hole and the linear strain gauge, as well as the
direction of the gauge was considered on the selection
of the nodal points in the FE model. Figure 8(a) and
(b) shows the mean and standard deviation of normal
stresses in one direction (szz) obtained in both meth-
ods at diﬀerent drilling times. In addition to the
numerical simulations, the drill speed was ﬁxed at
800 r/min to measure the eﬀect of feed rate and ﬁxed
at 50mm/min to measure the eﬀect of drill speed.
Experimental and numerical results indicate a
strong relationship between either feed rate, drill
speed or drilling depth and the stress levels. Overall,
it was observed that the normal stresses in drilling
process increase with the increasing of feed rate and
drill speed, for the same time instant. Regarding the
drilling depth, experimental and numerical results
showed a clear trend for an increase in level of stresses
with tool penetration along the time, reaching a max-
imum value when the drill bit penetrated completely
the block. The greater the drilled hole depth, the
greater is the normal stresses in the bone block.
After analysing the bone behaviour at diﬀerent
drilling times, it is also important to analyse at the
end of the process. The eﬀect of feed rate and drill
Figure 9. Maximum normal stresses szz (MPa) with (a) feed rate and (b) drill speed.
Figure 8. Normal stresses szz (MPa) in the experimental and FE models with (a) feed rate and (b) drill speed.
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speed for the complete penetration of the block was
examined. Figure 9(a) and (b) presents the average of
maximum normal stresses (szz) for both models
analysed.
Analysing the entire process, it was observed that
the maximum normal stresses retained the same
behaviour with respect to the drill speed. Regarding
the feed rate, the normal stresses decreased with the
increase of feed rate. Although at the start of drilling,
the generated normal stresses are higher for higher
feed rates (75mm/min), in the entire process are
found higher stresses for lowest feed rate
(25mm/min) because the drilling time also increases.
In generally, the numerical results were validated and
are in good agreement with the experimental results.
Conclusions
In this paper, a three-dimensional thermo-elastic-
plastic dynamic model based on ﬁnite element
method was built to simulate the drill bit penetration
into the bone tissue. Thermo-mechanical stresses
involved in the drilling processes were obtained and
compared with the experimental tests. Based on
numerical and experimental results, the following con-
clusions can be drawn:
. The thermo-mechanical stresses generated in the
material increase with tool penetration and, conse-
quently, with increase of hole depth.
. The normal stresses (szz) tend to decrease when the
feed rate is higher and increase when the drill speed
is higher.
. The maximum values of von-Mises stresses are
found in the drilled zone and its immediate vicinity
for all situations.
. The results presented here demonstrate that the
experimental methodology coupled to the devel-
oped numerical model is an eﬀective procedure
for evaluating the thermo-mechanical behaviour
of the contact region between the drill bit and
the bone.
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